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Calculation of thermodynamic, electronic, and optical properties
of monoclinic Mg 2NiH4
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Ab initio total-energy density functional theory is used to investigate the low temperature~LT!
monoclinic form of Mg2NiH4 . The calculated minimum energy geometry of LT Mg2NiH4 is close
to that determined from neutron diffraction data, and the NiH4 complex is close to a regular
tetrahedron. The enthalpies of the phase change to high temperature~HT! pseudo-cubic Mg2NiH4

and of hydrogen absorption by Mg2Ni are calculated and compared with experimental values. LT
Mg2NiH4 is found to be a semiconductor with an indirect band gap of 1.4 eV. The optical dielectric
function of LT Mg2NiH4 differs somewhat from that of the HT phase. A calculated thin film
transmittance spectrum is consistent with an experimental spectrum. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1454206#
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I. INTRODUCTION

The metallic nickel–magnesium alloy Mg2Ni absorbs
hydrogen to form semiconducting Mg2NiH4 .1 Because of its
low weight and high hydrogen content, Mg2NiH4 has been
intensively investigated both theoretically and experim
tally as a hydrogen storage material. Recently, Richard
reported2 that thin nickel–magnesium films can behave
switchable mirrors. A magnesium-rich Mg–Ni film of suffi
cient thickness reflects or absorbs all incident light. Up
exposure to gaseous hydrogen or on cathodic polarizatio
an alkaline electrolyte, the film becomes transparent.3 On
subsequent exposure to air, or when polarized anodically
film reverts to its original metallic state.

Mg2NiH4 transforms from a high temperature~HT! cu-
bic structure to a low temperature~LT! monoclinic phase
between 245 and 210 °C.4 Significant structural and elec
tronic differences may exist between the HT and LT phas
Most previous studies, especially theoretical calculations5–8

have concentrated on the simpler HT phase, which has s
atoms per unit cell. The ambient temperature electrochro
application of Mg2NiH4 suggests the need for theoretical i
vestigation of the LT phase, especially of its electronic a
optical properties. In this work we useab initio calculations
to investigate the LT Mg2NiH4 (Z58), including the atomic
positions, formation enthalpy relative to Mg2Ni and HT
Mg2NiH4 , electronic band structure, and optical spectrum

When hydrogen is absorbed by Mg2Ni beyond 0.3 H per
unit formula, the system undergoes a structural rearran
ment to the stoichiometric complex hydride Mg2NiH4 , with

a!Electronic mail: tjrichardson@lbl.gov
4870021-8979/2002/91(8)/4879/7/$19.00
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an accompanying 32% increase in volume. The primary
of LT Mg2NiH4 , containing 56 atoms is quite large forab
initio calculation. Calculations for such systems have
cently become practical through the advances of algorith
and development of parallel supercomputers. The cur
study represents our first step towards the direct theore
investigation of these complex hydride systems via lar
scale computations.

Garcia et al.8 studied HT Mg2NiH4 , which contains
seven atoms per primary unit cell, using density functio
theory. The structure of HT Mg2NiD4 has been studied by
neutron diffraction.9,10 The metal atoms exhibit an antifluo
rite arrangement, with NiH4 units surrounded by Mg at the
corners of a cube. The precise location of the deuterium
oms, however, could not be determined. Using a local d
sity approximation~LDA ! of the density functional theory
Garciaet al. found that the 4 H atoms surrounding the N
atom form a distorted tetrahedron. The calculated length
the Ni–H bond is about 1.548 A, in reasonable agreem
with the neutron diffraction results. That work demonstra
the usefulness of density functional calculations in study
such systems. Here we apply the technique to LT Mg2NiH4 .

The issues we wish to address concerning LT Mg2NiH4

are~1! The equilibrium atomic structure for comparison wi
experimental x-ray and neutron diffraction results.Ab initio
LDA calculation has become a standard theoretical too
recent years to investigate such structure information. W
Garcia found that the 4 H atoms in HT Mg2NiH4 form a
distorted tetrahedron around Ni, the neutron diffraction d
for LT Mg2NiH4 are consistent with a nearly ideal NiH4

tetrahedron.~2! The enthalpy of formation of LT Mg2NiH4
9 © 2002 American Institute of Physics
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from Mg2Ni ( 12H2) and from HT Mg2NiH4 . This can be
calculated from the total energies of the respective mate
and compared directly with experimental values. Further
vestigation in the future along this line may illuminate t
mechanism of hydrogen uptake by Mg2Ni, which is impor-
tant for both hydrogen storage and electrochromic appl
tions. ~3! The electronic structure and optical properties
LT Mg2NiH4 . Garcia showed that the NiH4 configuration
has a significant effect on the band structure of H
Mg2NiH4 , with the lowest energy configuration being sem
metallic. Here we compare the electronic band structure
LT Mg2NiH4 to that calculated by Garcia for HT Mg2NiH4 .
We also compute optical properties of both phases and c
pare them to an experimental thin film transmission meas
ment.

We performed calculations using two different compu
tional methods: full potential linear augmented plane wa
~LAPW! and pseudopotential plane wave~PW!. These two
methods use different basis sets for the wave functions
treat the real space charge density and potential differe
While LAPW is generally considered to be the more relia
of the two and is often used for transition metal calculatio
it scales poorly for larger systems. To test the reliability
the PW method we have first compared the LAPW and P
methods for smaller systems~e.g., HT Mg2NiH4!.

II. STRUCTURAL DIFFERENCES BETWEEN HT AND
LT Mg2NiH4

The atomic structure of HT Mg2NiH4 has not been com
pletely determined by diffraction methods due both to
incompatibility of the NiH4 unit with the cubic space grou
Fm3m and to the relationship between the neutron scatte
lengths for Mg and Ni.11 It is clear, however, that Mg and N
adopt an antifluorite arrangement, and that all four H ato
surround the Ni atom. Specifically, with Ni at the origin, th
hydrogen atoms occupy positions (d cosa,0,d sina),
(0,d cosa,2dsina), (2d cosa,0,d sina), and (0,2d cosa,
2dsina) whered is the nickel–hydrogen bond distance a
a is a Ni–H bond bending angle as in Ref. 8. Using t
experimental lattice constant of 6.507 Å, Garcia examin
the effect of varyingd and a on the total energy using th
LAPW program WIEN97.12 The calculated value ofd was
1.548 Å, which compares well with the experimental val
for the deuteride, Mg2NiD4 , of 1.49 Å.10 a was found to be
21.8°. This corresponds to a flattened tetrahedron tha
closer to a planar structure than to a regular tetrahedron.
result is illustrated in Fig. 1~a!.

The structural differences between HT and LT Mg2NiH4

@Fig. 1~b!, Ref. 10, data for the deuteride# are substantial.
The CaF2-type arrangement of the metal atoms is retain
but with considerable distortion. The NiH4 unit, however, is
close to a regular tetrahedron, with Ni–H bond lengths fr
1.519 to 1.572 Å~average 1.54! and H–Ni–H bond angles
averaging 109.4°. The eight NiH4 complexes in each uni
cell are crystallographically equivalent, but have four diffe
ent orientations with respect to the crystal axes.
Downloaded 04 Mar 2003 to 128.3.14.199. Redistribution subject to AI
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III. COMPUTATIONAL METHODS

The local density approximation~LDA !13,14 was em-
ployed to calculate total energies and electronic structure
a manner similar to the work of Garcia.8 A plane wave~PW!
basis was used to describe the wave functions with a kin
energy cutoff of 67 Ry. Trouillier–Martins norm conservin
pseudopotentials15 were used to remove the core electro
from the calculations. Kleinman–Bylander nonlocal pseud
potentials in the plane wave code~PEtot!,16 implemented in
real space, were used in the calculations. A conjuga
gradient algorithm was used to converge the electro
states,17 and a Pulay–Kerker charge mixing scheme w
used to calculate the self-consistent charge density. After
Hellman–Feynman forces of the atoms were calculated,
Broyden–Fletcher–Goldfarb–Shanno~BFGS! algorithm18

was used to relax the atomic positions. Since neither Mg2Ni
nor its hydride is magnetic,19 we have used LDA instead o
the local spin density approximation. To compare the to
energies for different crystal structures, we have used
equivalentk-point sampling scheme.20 This guarantees tha
different structures are treated equivalently. Specifically,
have used 43434, 23232, and 43434 Monkhorst–
Pack k-point grids for Mg2Ni, LT Mg2NiH4 , and HT
Mg2NiH4 , respectively. After application of symmetry op
erations, these correspond to 14, 8, and 16 reducedk points.
Since Mg2Ni is a metal, itsk-point density is higher than o
HT or LT Mg2NiH4 . To calculate the density of states an
optical properties, the converged systems were recalcul
using denserk-point grids: 63636 for Mg2Ni, 43434 for
LT Mg2NiH4 , and 83838 for HT Mg2NiH4 . The tetrahe-
dral interpolation method21 was used to integrate over th
first Brillouin zone based on the results from the abo
k-point grids. The imaginary part of the dielectric consta
was obtained by considering direct electronic transition22

The Kramers–Kronig relations yield the real part of the
electric constant. We computed the directional average of
dielectric constant for comparison with a polycrystalline th
film.

The computer program PEtot23 was used in the curren
calculation. It is parallelized based on a distribution of t
plane wave coefficients to different processors.24 Using an
efficient parallelized fast Fourier transformation~FFT! sub-
routine, the program was run on 100 processors using a C
T3E at the National Energy Research Scientific Comput
Center~NERSC! at Lawrence Berkeley National Laborator
Thousands of processor hours were required to optimize
atomic structure of LT Mg2NiH4 .

FIG. 1. Local atomic structures of~a! HT cubic Mg2NiH4 and~b! LT mono-
clinic Mg2NiH4 .
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE I. Energy~eV per formula unit! as a function of hydrogen atom configuration in HT Mg2NiH4 , relative
to the distorted tetrahedral LAPW minimum energy structure. The correct LAPW energies are a facto
higher ~see Ref. 31! than those in Ref. 8.

Hydrogen geometry d ~Å! a ~deg! PW energy LAPW energya

Square planar 1.548 0.0 0.507 0.352
Distorted tetrahedral LAPW 1.548 21.8 0 0
Distorted tetrahedral PW 1.561 23.6 20.012
Tetrahedral 1.516 35.3 0.203 0.260

aReference 8.
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IV. CRYSTAL STRUCTURE AND ENERGY
MINIMIZATION

A. HT Mg2NiH4

Here we have repeated the calculation of Garciaet al.,
but instead of using the LAPW method, we use the pseu
potential PW method. For electronic structure calculatio
involving transition metals, LAPW methods are used mo
often than pseudopotential PW methods and are consid
to be more reliable. The LAPW method~including the
WIEN97 code!, however, does not scale favorably with th
size of the system and the number of the processors
parallel machine. Thus we found it more efficient to study
Mg2NiH4 using the pseudopotential PW method. This
quired us to use a high kinetic energy cutoff~67 Ry! for the
PW basis. We calculated the energies of the three struct
with different NiH4 configurations considered in Ref. 8. Th
results are compared with Garcia’s LAPW results in Table
The tetrahedral structures were optimized according to t
total energies. The energy orders of the three structures
the same for LAPW and PW calculations: distorted tetra
dral is lowest, followed by undistorted tetrahedral, and th
by square planar. For the distorted tetrahedral structure,
geometries from LAPW and PW are very similar: LAPW
gave 1.548 Å, 21.8° ford anda, while PW gave 1.561 Å and
23.6°. While there is some disagreement in the energy
ferences between structures calculated by the two meth
we believe the PW method is adequate for this applicat
Note that there are considerable uncertainties in the exp
mental determination of the LT structure, much like in t
HT case. Therefore theoreticalab initio calculations can be
very useful here.
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B. LT Mg 2NiH4

No previous ab initio structural calculations of LT
Mg2NiH4 appear to have been performed. This is proba
because of the high computational requirement to rela
system with 56 atoms and 20 independent degrees of f
dom. Starting with the experimental atomic positions25 and
fixing the lattice constants of the unit cell, we minimized t
energy by first relaxing the hydrogen atoms, then relaxing
atoms in the structure. Because the atoms started relati
far from their minimum energy positions and because of
large system size, this computation required dozens of
iterations and thousands of processor hours to comp
While the only constraint on atomic motion was the pres
vation of inversion symmetry, the relaxed atomic positio
maintained space groupC2/c. Relaxation reduced the energ
of LT Mg2NiH4 by 0.059 eV/formula unit from the experi
mental structure. In Table II the relaxed atomic positions
compared with the experimental~initial! values. The overall
structure of LT Mg2NiH4 was preserved, with no change
symmetry. The maximum shift in atom position is about 0.
A for H, 0.06 A for Ni, and 0.12 A for Mg. The NiH4 unit in
the minimum energy configuration is nearer to a regular
rahedron than in the experimental structure, with a narro
range of Ni–H distances and angles~Table III!.

C. Mg2Ni

We also calculated the atomic structure of Mg2Ni for use
in calculating the enthalpy of formation of Mg2NiH4 . Al-
though Garciaet al. calculated a hypothetical cubic antifluo
rite form of Mg2Ni, there appear to be no previousab initio
TABLE II. Experimental and minimum energy structures of LT Mg2NiH4 with space groupC2/c. The experi-
mental monoclinic cell constants~see Ref. 25! a514.343 Å, b56.4038 Å, c56.4830 Å, andb5113.52°
were used in both cases.x, y, zare atomic coordinates in terms of lattice vectorsa, b, c.

Experimental LDA minimum energy structure

x y z x y z

Ni in (8 f ) 0.1194~6! 0.2308~11! 0.0832~12! 0.1206 0.2267 0.0762
Mg ~1! in (8f ) 0.2652~10! 0.4827~24! 0.0754~22! 0.2659 0.4839 0.0890
Mg ~2! in (4e) 0 0.0144~33! 0.25 0 0.0285 0.25
Mg ~3! in (4e) 0 0.5130~31! 0.25 0 0.5316 0.25
H ~1! in (8f ) 0.2113~14! 0.2995~26! 0.3037~28! 0.2094 0.3018 0.3009
H ~2! in (8f ) 0.1360~12! 0.1363~18! 0.8811~23! 0.1393 0.3233 0.8763
H ~3! in (8f ) 0.0105~11! 0.2868~19! 0.0537~22! 0.0126 0.2922 0.0586
H ~4! in (8f ) 0.1306~12! 0.9950~23! 0.0815~23! 0.1244 0.9871 0.0667
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE III. Comparison of experimental~see Ref. 25! and minimum energy LT Mg2NiH4 structures.

Experimental LDA minimum energy

Energy~eV/formula unit! 0 20.059
Ni–H ~1! bond length~Å! 1.572 1.579
Ni–H ~2! bond length~Å! 1.524 1.553
Ni–H ~3! bond length~Å! 1.538 1.565
Ni–H ~4! bond length~Å! 1.519 1.537
Smallest H–Ni–H bond angle~°! 103.4, H~1! to H ~4! 107.8, H~1! to H ~2!
Largest H–Ni–H bond angle~°! 119.3, H~1! to H ~3! 111.3, H~1! to H ~3!
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calculations for the hexagonal form. This is a layered str
ture with 12 Mg atoms and 6 Ni atoms per cell as shown
Fig. 2. There are six layers parallel to thexy plane per unit
cell. Every other layer contains nickel atoms, occupying
fixed 3b and 3d lattice sites of space groupP6222 and form-
ing chains of strongly bonded Ni atoms. The Mg atoms
cupy lattice sites 6i and 6f , whose locations are determine
by the free parametersx andz, respectively. Starting with the
experimentally determined atom positions26 and fixing the
lattice constants, we minimized the total energy with resp
to the Mg atom positions. Table IV shows that the PW mi
mum energy configuration is nearly identical to the struct
obtained by neutron diffraction and that relaxing the atom
positions had little effect on the total energy.

V. ENTHALPY CALCULATIONS

A. Enthalpy of LT to HT phase transformation

A moderate amount of heat is required to convert
monoclinic LT phase of Mg2NiH4 to the cubic HT phase
The enthalpy of this phase change can be calculated by
ing the difference of the computed energies of each ph
Comparing the unrelaxed~experimental! LT Mg2NiH4 struc-
ture with the LDA minimum energy configuration of the H
phase yieldsDH50.32560.03 eV per formula unit. The un
certainty reflects the estimated convergence of the en
difference with respect to the plane-wave cutoff ene
~compared to a 85 Ry cutoff calculation! and the number ofk
points~compared to a 33333 LT k-point grid calculation!.
If we include the energy change in LT Mg2NiH4 upon atomic
relaxation we obtainDH50.385 eV per formula unit.

Experimental values vary fromDH50.068 to 0.086 eV
per formula unit,27 much smaller than the calculated valu
One possible explanation for this discrepancy is that the
structure considered by Garciaet al. is not the lowest energy
cubic Mg2NiH4 structure. In the LT structure of Mg2NiH4 ,
the eight NiH4 complexes have four different orientations25

while the symmetry assumed for the HT structure forces

TABLE IV. Experimental and minimum energy configurations of Mg2Ni.
Energy in eV per formula unit. The experimental lattice constants~see Ref.
24! a55.205 Å andc513.236 Å were used in both cases.x andz are the

unconstrained coordinates of the Mg atoms in 6i (x,2x,0) and 6f (
1
2,0,z).

x z Relative energy

Experimental 0.1620~16! 0.1187~8! 0
PW minimum energy 0.1616 0.1179 20.000 20
ar 2003 to 128.3.14.199. Redistribution subject to AI
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NiH4 units to have the same orientation. Neutron scatter
data28 indicate that the positions of the hydrogen atoms in
HT phase fluctuate around the central Ni atom with a ti
scale of 10211 s. It therefore seems possible that a low
energy HT phase could be formed by expanding the unit
and allowing the NiH4 units to assume different spatial or
entations.

B. Enthalpy of hydrogen absorption

The heat of formation of Mg2NiH4 from H2 and Mg2Ni
can also be calculated. We computed the energy of H2 gas by
using a 6.3 Å cubic supercell containing two H atoms se
rated by 0.741 Å. The computed enthalpy of hydrogen
sorption to form a521.8° HT Mg2NiH4 is DH5
22.06 eV per formula unit. Relaxing the atomic positio
using the PW method changes this value by only 0.01
~Table I!. Experimental enthalpies range fromDH5
20.0980 to21.36 eV per formula unit.27

VI. ELECTRONIC STRUCTURE AND OPTICAL
PROPERTIES

A. Electronic structure of Mg 2NiH4

The calculated band structure of LT Mg2NiH4 is shown
in Fig. 3~a!. K1 represents the Brillouin zone edge along t
reciprocal lattice vector corresponding to the long axis (a0),
while K2 is the Brillouin zone edge in the direction of th
unique monoclinic axis. The band structure of cub
Mg2NiH4 with an undistorted tetrahedral hydrogen config

FIG. 2. Crystal structure of Mg2Ni ~after Ref. 26!.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ration, calculated using the PW method, is shown in F
3~b!. The latter is nearly identical to the LAPW structure
Ref. 8. Note that the band gaps in these two structures
almost the same, while that of the minimum energy H
Mg2NiH4 structure is zero.8 The density of states for LT
Mg2NiH4 and undistorted tetrahedron HT Mg2NiH4 are plot-
ted in Fig. 4. In both cases, there are four low-lying ban
per formula unit. These are H states and they are separ
by a gap from another five occupied bands. These five ba
are the Ni 3d bands. The Mg 3s bands are unoccupied, in
dicating that each Mg donates two electrons to the N4
complex. Both LT Mg2NiH4 and undistorted tetrahedron cu
bic Mg2NiH4 are indirect semiconductors. In LT Mg2NiH4 ,
the indirect gap occurs halfway betweenG and K2 in the
conduction band, while in undistorted tetrahedron cu
Mg2NiH4 , the indirect transition is from valence bandG
point to conduction bandX point. The lower conduction
bands are Ni 4s orbitals plus some components of Mg 3s
orbitals for both systems. The similarity of these two syste
demonstrates that the electronic structure is mainly c

FIG. 3. Electronic band structures for Mg2NiH4 : ~a! LT monoclinic phase
and ~b! HT cubic phase with undistorted tetrahedral NiH4 .

FIG. 4. Electronic density of states for LT Mg2NiH4 ~solid line! and HT
Mg2NiH4 with regular tetrahedral NiH4 ~dashed line!.
Downloaded 04 Mar 2003 to 128.3.14.199. Redistribution subject to AI
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trolled by the isolated NiH4 complex. The interaction be
tween NiH4 pairs and the presence of Mg21 ions play only
minor roles.

B. Optical properties of Mg 2NiH4

1. Imaginary dielectric constant

In Fig. 5 the imaginary part of the dielectric consta
(«2) is plotted as a function of photon energy for both H
and LT configurations. For the HT phase, we show the res
for the three NiH4 configurations: square planar, distorte
tetrahedron~lowest energy!, and undistorted tetrahedron. Be
cause the calculations do not include Drude absorption, t
underestimate the low-energy value of«2 for the metallic
square planar hydrogen configuration. The other three st
tures have optical band gaps ranging from 1.9 to 2.4
experimental measurements range from 1.3 to 2.0 eV.20,29–31

As the band gaps are indirect, the optical band gap is la
than the indirect band gaps shown in Figs. 3 and 4. In c
trast to the HT cubic phases where«2 rises from zero
abruptly,«2 for the LT structure has a shoulder extending
its indirect band gap. This is due to the lower symmetry
the LT structure, which makes the forbidden transition in t
HT case allowed. This shoulder accounts for the 0.5
lower optical band gap of LT Mg2NiH4 as compared with
HT Mg2NiH4 with undistorted tetrahedral NiH4 geometry.

2. Thin film transmittance

We compared the computed optical properties with m
surements of the transmittance of a thin film of Mg2NiH4 . A
1.0 mm thick Mg2Ni film was prepared on a fused silic
substrate by cosputtering of Ni and Mg.3 A 10 nm Pd over-
layer was added to catalyze hydrogen absorption. Expo
to gaseous hydrogen converted the film to Mg2NiH4 and
caused it to expand to 1.3mm in thickness. The measure
transmission of the thin film and a calculated spectrum us
the dielectric functions in Fig. 5 are shown in Fig. 6. Th
sample is too thick to reveal features above the optical b
gap, thus we will concentrate on the lower energy regi
The overall agreement between the measured and mod
transmissions might not look good at first glance. This

FIG. 5. The imaginary part of the dielectric constant («2) vs photon energy
for HT and LT configurations.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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probably due to the complexity of our sample and the s
plicity of our model. The thin film transmission below th
band gap is much lower than the modeled absorption bec
opaque imperfections in the film partially block the transm
sion beam. The amplitude of the oscillations in the measu
transmission is much smaller than that in the modeled o
which may be due to surface roughness, which reduces
experimental amplitude of the interference fringes. Nevert
less, there are some important features that can be comp
between the measured and modeled spectra. The optical
gap of the thin film lies between the band gaps of the t
cubic structures and fits the LT structure best. Between
and 1.65 eV, both the experimental data and the LT struc
model go through three fringes. Because the optical p
length of the sample determines the frequency of th
fringes, we believe the real part of the calculated dielec
constant to be approximately correct in this region.

VII. CONCLUSIONS

The recent discovery of electrochromism in L
Mg2NiH4 highlighted the need forab initio calculations on
this compound, especially for its optical properties. Suc
study is possible due to recent advances in computati
algorithms and large-scale parallel computers. Compa
the PW results with the LAPW results, we found that the t
methods placed three atomic configurations of HT Mg2NiH4

in the same order according to total energy. The PW met
is shown to be a reliable and efficient method to study co
plex systems like LT Mg2NiH4 .

Our calculated minimum energy atomic positions a
close to the experimental values for LT Mg2NiH4 . The maxi-
mum position difference is about 0.14 Å. The NiH4 complex
is a near perfect tetrahedron. This is in contrast with
cubic HT Mg2NiH4 structure, where a flattened tetrahedr
is found. This difference may be due to the different Mad
lung energies from the surrounding Mg21 ions in the HT and
LT phases~Fig. 1!. In turn, the shape of the NiH4 moiety
determines the electronic structure and optical propertie
the system. The calculated minimum energy structure
Mg2Ni also matches the experimental structure quite we

FIG. 6. Experimental and calculated optical transmission spectra of 1.3mm
thick Mg2NiH4 film.
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The calculated LT Mg2NiH4 to HT Mg2NiH4 transition
enthalpy is considerably larger than reported experime
values. The calculated enthalpy of hydrogen absorption
Mg2Ni is also somewhat larger than expected. Possibly
hypothetical cubic structure is not the lowest energy H
structure. More extensive calculations involving a super
tice might yield a lower energy HT structure.

The electronic structure of LT Mg2NiH4 resembles that
of cubic Mg2NiH4 with an undistorted tetrahedral hydroge
configuration. It is a semiconductor with an indirect ba
gap of 1.4 eV. The lower symmetry of LT Mg2NiH4 pro-
duces a shoulder in its dielectric constant that does not
pear in the HT phase. This reduces the optical gap by ab
0.5 eV compared to that of the HT Mg2NiH4 with an undis-
torted tetrahedral NiH4 . The transmission spectrum of a th
film of Mg2NiH4 at room temperature is consistent with th
calculated LT spectrum.

ACKNOWLEDGMENTS

The authors thank Jonathan Slack of LBNL for expe
mental assistance. This work was supported by the Assis
Secretary for Energy Efficiency and Renewable Energy,
fice of Building Technology, State and Community Pr
grams, Office of Building Research and Standards of
U.S. Department of Energy under Contract No. DE-AC0
76SF00098. This research used resources of the Nationa
ergy Research Scientific Computing Center, which is s
ported by the Office of Science of the U.S. Department
Energy. Work at NERSC was supported by the Director, O
fice of Science, Division of Mathematical, Information, an
Computational Science of the U.S. Department of Ene
under Contract No. DE-AC03-76SF00098.

1J. J. Reilly and R. H. Wiswall, Inorg. Chem.7, 2254~1968!.
2T. J. Richardson, J. L. Slack, R. D. Armitage, R. Kostecki, B. Faran
and M. D. Rubin, Appl. Phys. Lett.78, 3047~2001!.

3Z. Gavra, M. H. Mintz, G. Kimmel, and Z. Hadari, Inorg. Chem.18, 3595
~1979!.

4M. Gupta, E. Belin, and L. Schlapbach, J. Less-Common Met.103, 389
~1984!.

5P. Lindberg, D. Noreus, M. Blomberg, and P. Siegbahn, J. Chem. Phys85,
4530 ~1986!.

6N. Huang, Q. Wang, J. Wu, and J. Tang, Z. Phys. Chem., Neue Folge163,
S207~1989!.

7G. N. Garcia, J. P. Abriata, and J. O. Sofo, Phys. Rev. B59, 11746~1999!.
8J. Schefer, F. Fischer, W. Ha¨lg, F. Stucki, L. Schlapbach, J. J. Didisheim
K. Yvon, and A. F. Andresen, J. Less-Common Met.74, 65 ~1980!.

9K. Yvon, J. Schefer, and F. Stucki, Inorg. Chem.20, 2776~1981!.
10P. Zolliker and K. Yvon, Mater. Res. Bull.21, 415 ~1986!.
11P. Blaha, K. Schwarz, and J. Luitz,WIEN97, ©Vienna University of Tech-

nology, Vienna 1997. Improved and updated Unix version ofWIEN; P.
Blaha, K. Schwarz, P. Sorantin, and S. B. Trickey, Comput. Phys. C
mun.59, 399 ~1990!.

12P. Hohenberg and W. Kohn, Phys. Rev.136, 864 ~1964!.
13W. Kohn and L. J. Sham, Phys. Rev.140, 1133~1965!.
14N. Trouillier and J. L. Martins, Phys. Rev. B43, 1993~1991!.
15L. Kleinman and D. M. Bylander, Phys. Rev. Lett.48, 1425~1982!.
16M. P. Teter, M. C. Payne, and D. C. Allan, Phys. Rev. B40, 12255~1989!.
17W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery,Nu-

merical Recipes in Fortran~Cambridge University, New York, 1992!.
18P. Selvam, B. Viswanthan, and V. Srinivasan, J. Electron Spectrosc. R

Phenom.46, 357 ~1988!.
19S. Froyen, Phys. Rev. B39, 3168~1989!.
20P. E. Blochl, O. Jepsen, and O. K. Andersen, Phys. Rev. B49, 16223

~1994!.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp



nd

ys

ter

4885J. Appl. Phys., Vol. 91, No. 8, 15 April 2002 Myers et al.
21P. Y. Yu and M. Cardona,Fundamentals of Semiconductors: Physics a
Materials Properties~Springer, Berlin, 1996!, pp. 242–255.

22For information on PEtot, see: http://www.nersc.gov/;linwang/PEtot/
PEtot.html.

23A. Canning, L. W. Wang, A. Williamson, and A. Zunger, J. Comput. Ph
160, 29 ~2000!.

24P. Zolliker, K. Yvon, J. D. Jorgensen, and F. J. Rotella, Inorg. Chem.25,
3590 ~1986!.

25J. L. Soubeyroux, D. Fruchart, A. Mikou, M. Pezat, and B. Darriet, Ma
Downloaded 04 Mar 2003 to 128.3.14.199. Redistribution subject to AI
.

.

Res. Bull.19, 895 ~1984!.
26K. Zeng, T. Klassen, W. Oelerich, and R. Bormann, J. Alloys Compd.283,

213 ~1999!.
27D. Noreus and L. G. Olsson, J. Chem. Phys.78, 2419~1983!.
28D. Lupu, R. Sarbu, and A. Biris, Int. J. Hydrogen Energy12, 425 ~1987!.
29D. Lupu, R. Grecu, and S. I. Farcas, Z. Phys. Chem.~Munich! 181, 143

~1993!.
30Y. Fujita, M. Yamaguchi, and I. Yamamoto, Z. Phys. Chem.~Munich! 163,

633 ~1989!.
31J. Sofo~personal communication!.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp


